The MINERνA experiment investigates neutrino interactions with nucleons needed for an understanding of electroweak interactions of hadrons. Since nuclear targets are being used many-body effects may affect the extracted cross sections and the energy reconstruction. The latter is essential for the extraction of neutrino oscillation properties. We investigate the influence of nuclear effects on neutrino interaction cross sections and make predictions for charged current quasielastic (QE) scattering, nucleon-knock-out and pion-and kaon-production on a CH target. The Giessen Boltzmann-Uehling-Uhlenbeck (GiBUU) model is used for the description of neutrino-nucleus reactions. Integrated and differential cross sections for inclusive neutrino scattering, QE processes and particle production for the MINERνA neutrino flux are calculated. The influence of final state interactions on the identification of these processes is discussed. In particular, energy and Q 2 reconstruction for the MINERνA flux are critically examined. The Q 2 dependence of the inclusive cross sections is found to be sensitive to the energy reconstruction. Cut-offs in flux distributions have a large effect. Final state interactions affect the pion kinetic energy spectra significantly and increase the kaon cross sections by cross feeding from other channels.
struction procedure on the oscillation signal observed in T2K was discussed (see also [19] [20] [21] ).
For the MINERνA flux with its higher energies equally important is the process of pion production through resonance excitations or deep inelastic scattering (DIS). Here the MiniBooNE data have created a new puzzle: the calculated integrated cross sections for single pion production are overall, but mainly at the higher neutrino energies, somewhat smaller than the measured ones. This is so even when the larger elementary data from an old BNL experiment are used (for a discussion see [22] ). Furthermore, the calculated pion momentum-spectra exhibit a distinct dip for momenta corresponding to the excitation of the ∆ resonance, as a consequence of pion reabsorption through this resonance [22, 23] ; this dip is not present in the published data [7, 8] . Any new data on pion production from the MINERνA experiment could thus help to clarify the reasons for these problems.
In [24] we have published the results of extensive calculations of QE scattering and particle production cross sections for the MINOS and NOνA experiments for Iron (Fe) and Carbon (C) targets, respectively. As an addendum to that work we present here now results for the MINERνA experiment, using its flux and a CH target. The main aim of this study is to shine some light on energy-and Q 2 reconstruction in the higher energy regime of the MINERνA experiment and to make predictions for nucleon-knockout, pion-and kaon-production.
II. METHOD
We use the transport model GiBUU to model both the initial and the final state interactions [25, 26] . This 
which are correct for QE scattering on a neutron at rest. Here k µ is the outgoing lepton's momentum, E µ its energy and θ µ its angle. The quantity E B denotes an average binding energy of the neutron inside the nucleus; it is taken to be E B = 0.03 GeV. Furthermore,
p . For our analysis we assume GiBUU to be 'nature' and generate full events for true energies distributed according to the MINERνA flux. Although the true energy and momentum transfer are known for each event we also reconstruct both of these quantities using Eq. (1).
The experimental analysis identifies QE scattering by requiring an outgoing muon in the final state along with one or more nucleons and no mesons [3] ; in the following discussion these will be called 0-pion events. It is well known that such events do contain so-called 'stuck-pion' events in which a pion is first produced but subsequently absorbed. In [33] we have shown that such events can lead to errors in the reconstructed energies in addition to the smearing to be expected from Fermi motion of the neutrons in the nuclear target. In [14] [15] [16] [17] [18] it has been shown that also 2p-2h excitations have a similar effect.
All these complications are, therefore, also expected to be present in the results to be shown here. In addition, pion production and DIS events are expected to play a much larger role at the energies of the MINERνA experiment than at the significantly lower energies of MiniBooNE and T2K.
We start our discussion by showing first in Fig. 1 the event distribution Φ(E ν )σ(E ν ) for the 0-pion events, both as a function of true and of reconstructed energy (the latter has been obtained from Eq. (1) as in the experimental analysis). Φ(E ν ) is the energy distribution of incoming neutrinos, normalized to 1, and σ(E ν ) is the total cross section at energy E ν for all events with a muon, 0 pions, and any number of nucleons, in the outgoing channel. It is seen that there is a large difference between the [17] reflecting the presence of more resonance excitations and DIS at these higher energies. At still higher energies, above about 6 GeV, the two distributions coincide thus making the extraction of energy-dependent cross sections less dependent on any high-energy cut-off (at 10 GeV in the experiment and the present calculation). That the reconstruction is so much more sensitive to the low-energy cutoff than to the one at high energy is due to the flux distribution: while the flux is already at about 50% of its maximum at E ν = 1.5 GeV it has fallen to about 3% at the high-energy cutoff of 10 GeV. We, therefore, now turn to a discussion of the flux
Here dσ dQ 2 (E ν ) is the Q 2 -differential cross section at neutrino energy E ν . The corresponding flux-averaged dσ/dQ 2 is shown in Fig. 3 both as a function of true and of reconstructed Q 2 . Up to Q 2 ≈ 0.6 GeV 2 the reconstructed Q 2 distribution is higher than the true one;
at the peak at Q 2 ≈ 0.1 GeV 2 it is about 25% higher than the true distribution. Also the slope is higher for Q 2 values between about 0.1 and 1.5 GeV 2 ; this is just the Q 2 range which played an important role in the analysis of [3] . In terms of an axial mass extracted from the slope of dσ/dQ 2 the curve vs. reconstructed Q 2 corresponds to a smaller value of M A than the true one.
In Fig. 4 we show a breakdown of the true Q 2 distribution into some of the most important primary, initial interaction process for all events. It is seen that the total cross section (upper black solid line) is about 3.5 times larger than the true QE cross section (lower solid dark- green line). The ∆ contribution is as large as that of true QE and similar in shape. However, the effect of the Pauli-principle, which shows up in the suppression at very small Q 2 , is less pronounced for the ∆ than for the true QE contribution. This is due to the fact that a large part of the ∆ contribution is due to pionless decay in the nuclear medium ∆ + N → N + N . This process provides enough energy to kick the final state nucleon above the Fermi surface. The DIS contribution becomes dominant for Q 2 > 0.2 GeV 2 and is overall the largest of these three components. The 2p-2h component is of minor importance compared to all these other components.
The figure shows that indeed at MINERνA true QE scattering is not a dominant contribution (about 1/3) of the total cross section.
As in the experimental analysis we now impose the shown in Fig. 5 ; for completeness we show here also the smaller production channels not contained in Fig. 4 . The main effect of this condition is to remove a large part of the DIS and ∆ cross sections. Now the total is at its peak only about 1.5 times larger than the true QE contribution; QE events have effectively been enriched. After the restriction to 0-pion events, at small Q 2 true QE and ∆ contributions dominate. All other contributions, and in particular the strong DIS contribution, are strongly suppressed there. That the primary ∆ contribution still remains reasonably strong below about Q 2 = 0.6 GeV
In Fig. 5 we also show the data points taken from [3] .
These data were obtained from the 'raw' data by subtracting various, substantial background contributions to the cross section, as obtained from the GENIE generator; they thus contain some generator dependence. Overall, the data are described quite well by the present GiBUU calculation for the true QE component (solid green curve in Fig. 5 ). Possible discrepancies show up around the peak of the Q 2 distribution, i.e. at small
2 . This is the region where the errors in the Q 2 reconstruction are largest (see Fig. 3 ). Also here a sizeable contribution from ∆ excitation with subsequent pion reabsorption exists in the 0 pion event sample (see blue dashed-dotted curve in Fig. 5 ). It is exactly this ∆ contribution which is the most uncertain one among the various elementary processes [22] so that the small discrepancy in the dσ/dQ 2 distribution could be easily removed by a small change of the overall ∆ strength and/or a slight change in its form factor.
C. Particle Production
In the following three subsections we now turn to a discussion of particle production cross sections.
Nucleon Knockout
Whereas the discussions in the preceding section dealt with the breakdown of the observed Q 2 distribution into its various primary interaction contributions we now turn to a discussion of the same distribution in terms of observables. In Fig. 6 we show the contributions of various reaction channels, all with 0 pions, to the observed Q The kinetic energy spectrum for proton-knockout is shown in Fig. 7 . It is seen that for MINERνA the probability for a single proton knockout is quite small; the spectrum for that process is fairly flat. Its cross section is by far overshadowed by that for an inclusive process, in which at least one proton and any number of other hadrons is observed. The spectrum for this semi-inclusive proton-knockout is peaked at small energies and falls of steeply with kinetic energy of the proton. This is a consequence of fsi in which the initial particle struck by the neutrino propagates through the nucleus and ejects more and more particles; energy conservation then leads to the predominance of low-energy protons. A closer analysis shows that the most dominant source of these semiinclusive protons is DIS, which amounts to about 1/2 of the total at 200 MeV, to be followed by ∆ excita- show the pion's kinetic energy spectra for events that start as a primary excitation of the ∆ resonance. Even though their cross section is smaller than that for singlepion production its shape is very similar. This reflects the fact that the spectra are more determined by the fsi than the primary excitation process.
Different from the case at the lower energies is the presence of a long, rather significant tail in the spectrum out to higher pion kinetic energies. This is due to the initial production of higher energy pions (mainly through DIS) which cannot cascade down all the way into the peak region. Furthermore, at the higher energies, above about 0.5 GeV, the spectra before and after fsi are very similar. Overall, as a net effect, pion absorption is less pronounced at the MINERνA energies than it was at MINIBooNE/T2K. This is mainly a consequence of the minimum in the π − N cross section at around 0.7 GeV kinetic energy.
Kaon Production
MINERνA has also plans for investigations of content. Both spectra peak at about 0.1 GeV and then fairly slowly fall off towards higher energies. The cross sections for exclusive single and semi-inclusive K production hardly differ, in contrast to the situation for pion production.
Interesting is the comparison between the spectra after fsi (upper 2 curves) and those before fsi (lower 2 curves).
In striking contrast to the situation for pion production the fsi now increase the cross section for all kaon energies by factors of about 1.5 -1.8, for K + and K 0 , respectively. This increase is due the fact that these kaons can be created in secondary collisions, such as π + N → K + Λ.
At the same time they have a long mean free path in nuclear matter because of strangeness conservation.
IV. DISCUSSION AND CONCLUSIONS
Over the last few years a lot of emphasis has been put on the correct description of QE scattering, includ- rate acceptance filters (in the case of MINERνA) for the outgoing muon to be implemented in event generators.
The problems just discussed arise because nuclear fsi make it impossible to uniquely identify QE scattering. This work has been supported by BMBF and LOEWE.
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